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BASIC EQUATIONS
In order to minimize the details, we consider the symmetric Lamb wave excitation of a symmetric plate waveguide as shown in Fig. 1 the discontinuities to the waveguides 1 and 2, respectively, the x component of the particle velocity U, and they component of the particle velocity uy are antisymmetric and symmetric about the midplane r3 (x = 0), respectively, the plane r4 is the stress-free surface, and the region f2 with the boundaries !?, to r4 completely encloses the discontinuities. The plate waveguide is assumed to have some discontinuities which are symmetric about the midplane r 3 .
have the following basic equations [ l ] :
Assuming that there is no variation in the z direction, we aTr,/ax + aT,,/ay -jwpu, = 0 , r = X , y , ( 1 ) where T x x , T y y , and T x y = T y x are the stresses, W is the angular frequency, p is the mass density, and X and p are the Lame' constants. 
(5)
Here {U,}, is the particle-velocity vector corresponding to the nodal points within each element, T , { e } , and denote a transpose, a column vector, and a row vector, respectively, and shape functions N1 to N6 are given by Using a Galerkin procedure on ( l ) , we obtain I,, 6,
where ne represents an element subdomain and ( 0 ) is a null vector.
Integrating by parts, we obtain for (8) [(aCN}/ax)Trx + (a {Nl/'ay)Try + j a p e {Nlurl df2
where T,, = Trxnx + T r y n y , r = x , y .
(10)
Here re represents the contour of the triangular element, and n, and ny are the x a n d y components of an outward normal unit-vector to re, respectively. Noting that T x , and TYn are continuous across re (bound- ary conditions at the interface between two different media), U, = T y x = 0 on r3 (midplane), and T,, = Tyn = 0 on r4
(stress-free surface), from ( 2 ) , (3), and (9) 
Here the components of the {U,} vector are the values of U, at all nodal points in Q except r3, the components of the {U,}
vector are the values of uy at all nodal points in !2, C , and CeI extend over all different elements and the elements related to r i (i = 1,2), respectively, T x y , i ( x , y i ) and 7',,y,i(x, vi) are the stresses on Pi, and { N } j is the shape function vector on r i ,
Using the shape function { N } i , the particle velocity U ,~( X ,~J and the stress Tr,,,i(x,yi) on ri may be discretized as follows: 
where { u~}~, e, and { T r y } i , e~ are the particle-velocity vector and the stress vector corresponding to the nodal points within each element related to Pi, respectively. Substituting (13) into (1 l), we obtain
Here the components of the {u,}~ vector are the values of U, at the nodal points in S2 except r l , r2, and r3, the compo- The internal fields in the waveguide i (i = 1, 2) in .
where 6mmf is the Kronecker 6 . The dispersion relation for Dim and the mode functions are given in the Appendix.
unit amplitude is incident from the left of waveguide 1 in Fig. 1 The values of the particle velocity U, and the stress TYy at the nodal points on Pi (i = 1,2), namely, { u , }~ and { T,,y)i, are computed from (31) or (34), and then, by using (13), u , ,~( x ,~~) and T,,,,i(x,yi) are calculated from these values.
The solutions ux, i(x, yi) and TyV, i(x, vi) allow the determination of the reflection coefficient r at y = y l G 0 and the transmission coefficient r at y = y z of the fundamental Lamb wave. Considering (19), (2 l), and (22), r and t may be written as
Iv. ANALYSIS OF LAMB WAVE SCATTERING BY A CRACK
In this section, we present the computed results for the fundamental Lamb wave reflection coefficient of a wedgeshaped crack with stress-free surfaces in a plate of thickness 2d. A typical division of an internal crack into second-order triangular elements is shown in Fig. 3 , where 20 is the wedge apex angle. If the boundaries F, and rz are located slightly away from the discontinuity, the evanescent higher modes with pure imaginary and complex wavenumbers [ l ] , [5] -[ 101 have little effect on the fields on Pl and Pz due to rapidly decaying modes from the discontinuity and the influence of the evanescent higher modes is involved in the finite-element region R. Hence it is usually sufficient to consider the propagating modes only in (27) and (30), and, if necessary, a few evanescent higher modes for a reasonable approximation. Convergence of the solution is checked by increasing a value of l in Fig. 3 . In this calculation, a Poisson's ratio U = 0.31 and 2k,dJn = 1.0, where k, = w m . All the higher modes are nonpropagating evanescent modes. In order to present the numerical verification of the method, Fig. 4 shows the magnitude and the phase of the reflection coefficient of an infinitely thin internal crack (e = 0) normal to the surface of a plate as a function ofl/hlo, where hLO is the wavelength of the fundamental Lamb wave and the crack to plate thickness ratio h/d = 0.5. The phase is evaluated at the Dosition Fig. 6 shows the magnitude and the phase of the reflection coefficient of an infinitely thin surface crack normal to the surface of a plate as a function of h/d. It is seen that the magnitude of the reflection coefficient of the infinitely thin surface crack is smaller than that of the infinitely thin internal crack.
Figs. 7 and 8 show the magnitude of the reflection coefficient of a wedge-shaped internal crack and a wedge-shaped respectively. The reflection coefficient of the internal crack is considerably influenced by the wedge apex angle and the curves exhibit resonances, resulting in complete reflection of the incident wave. By virtue of the problem's symmetry, for the incidence of the fundamental symmetric Lamb wave the antisymmetric Lamb waves are not excited in a plate except the region occupied by the crack. In the crack-region the plate waveguide branches into two waveguides, and both symmetric and antisymmetric Lamb waves are excited in each surface crack as a function of the wedge apex angle tan 8, Absrroct-The development of an ultrasonic corrosion monitor which can provide a continuous high resolution indication of in situ corrosion film buildup is described. The monitor is based on the principle that, under certain conditions, the effective extensional ultrasonic velocity in a corroding waveguide changes as the corrosion f i i builds up. The capability to measure film thickness increases smaller than 0.1 pm (0.004 mil) makes the ultrasonic corrosion monitor a valuable tool foI understanding, characterizing, and monitoring component corrosion. The analytical foundation is presented for the ultrasonic technique and the results of a proof-of-principle experiment in which a zircaloy probe was corroded in an air furnace. The minimum measurable change in fiim thickness for this experiment was 0.0435 Mm (0.0017 mil), which is in excellent ageement with the predicted resolution.
I. INTRODUCTION

A
S COMPONENT corrosion becomes an increasingly important consideration in lifetime reliability, means to predict and measure that corrosion also become more important. For example, there are strong incentives to increase nuclear fuel element linear heat ratings, coolant temperatures, and/or in-reactor residence times [l] . Consequently, there is a growing need to understand and characterize zircaloy cladding corrosion as well as a means to monitor corrosion. The traditional approach to characterize corrosion behavior is to The author is with General Electric Co., Knolls Atomic Power Laborause discrete data obtained by periodically weighing test specimens. This requires nonproductive shutdown of the test facihty and lost time while the measurement is made. Furthermore, it is virtually impossible to characterize instantaneous corrosion rates with discrete data, particularly through transition regions where rates may change dramatically over short periods of time.
The ultrasonic corrosion monitor produces a continuous, in situ indication of corrosion film buildup. The monitor is based on the principle that, under certain conditions, the effective extensional ultrasonic velocity in a corroding waveguide changes as the corrosion f i l m builds up. The film thickness measurement resolution of the ultrasonic corrosion monitor is a function of the material under test, the specific monitor geometry, and the resolution of the signal processing system. Typical resolutions are better than 0.1 pm (0.004 mil) .
corroded in air to verify the theoretical model. The predicted ultrasonic time-of-travel values were in excellent agreement with the measured values until the oxide film became too thick (>SO pm) and began t o crack. The measured average film thickness resolution for this experiment was 0.0435 pm (0.0017 mil) , which is in excellent agreement with the predicted resolution.
is presented in Section 11. Section I11 describes the proof-ofprinciple experiment which confirms the theory. The experiment results are discussed in Section IV and potential applications are described in Section V.
A proof-of-principle experiment was performed with zircaloy
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